The present experiments were undertaken to determine if loss of vascular autoregulation during severe hypoglycemia shows regional differences that could help to explain the localization of hypoglycemic cell damage. Artificially ventilated rats (70% NzO) were subjected to a 30-min insulin-induced hypoglycemic coma (with ces sation of EEG activity), with mean arterial blood pressure being maintained at 140, 120, 100, and 80 mm Hg, After 30 min of hypoglycemia, local cerebral blood flow (CBF) in 25 brain structures was measured autoradiographically with a [14C]iodoantipyrine technique. Since local CBF values did not differ between the 120 and the 100 mm Hg groups, the animal s of these groups were pooled (110 mm Hg group). The results showed that at a blood pressure of 140 mm Hg, CBF was increased in 22 of 25 structures analysed, the maximal values approximating 300% of control. At 110 mm Hg, cerebral cortical structures had
CBF values that were either decreased, normal, or slightly increased; however, many subcortical structures (and cerebellum) showed markedly increased flow rates. Although a lowering of blood pressure to 80 mm Hg usu ally further reduced flow rates, some of these latter struc tures also had well-maintained CBF values at that pres sure. Thus, there were large interstructural variations of local CBF at any of the pressures examined. Analysis of the pressure-flow relationship showed loss of autoregu lation in some structures, whereas others had remarkably well-preserved CBF values at low pressures. The results indicate that during severe hypoglycemia, even relatively moderate arterial hypotension may add a circulatory in sult to the primary one, and they strongly suggest that any such insult affects some brain structures more than others. Key Words: Autoregulation-Hypoglycemia Local cerebral blood flow, tween oxygen and glucose availability, hypogly cemia leads to oxidation of endogenous substrates, some of which are derived from structural compo nents (for documentation and further literature, see Norberg and Siesj6, 1976; Agardh et aI., 1978 Agardh et aI., , 1981 Ratcheson et aI., 1981) . It is tempting to conclude that degradation of cell structure may by itself con stitute a mechanism of cell damage. However, ir reversible cell damage seems to occur first when the hypoglycemia is sufficiently severe to cause de terioration of cellular energy status. Such deterio ration, which occurs pari passu with cessation of spontaneous electroencephalographic (EEG) ac tivity in animal experiments (Hinzen and Muller, 1971 ; Lewis et aI., 1974b; Feise et aI., 1976; Nor berg and Siesj6, 1976) , leads to other potentially harmful events, such as a coupled cellular outflux of K + (Astrup and Norberg, 1976 ) and uptake of Ca 2 + (Harris, Wieloch, Symon, and Siesj6, unpub lished observations), as well as massive accumula tion of free fatty acids, including arachidonic acid (Agardh et aI., 1981) .
The question arises whether the localization of cell damage to certain brain structures in clinical material reflects the functional and metabolic char acteristics of these structures, or if circulatory fac tors contribute. Previous measurements in patients (Kety et aI., 1948; Eisenberg and Seltzer, 1962; Della Porta et aI., 1964) and in some animal studies (Pappenheimer and Setchell, 1973; Gardiner, 1980; Ghajar et aI., 1981) (Norberg and Siesjo, 1976; Nilsson et aI., 1981) . Obviously, none of these studies support the possibility of a circulatory component in the development of hypoglycemic cell damage.
Three recent studies made us suspect that changes in CBF may nevertheless contribute. First, measurements of overall CBF revealed loss of vas cular autoregulation in hypoglycemia, suggesting that even moderate hypotension could compromise tissue perfusion (Nilsson et aI., 1981) . Second, such hypotension seemed to induce further deterioration of cerebral energy state (Pelligrino and . Third, the enhanced energy failure allowed additional K + release from cerebral cortical cells (Pelligrino et aI., 1982) . On the basis of these re sults, we decided to examine, in a more systematic fashion, the relationship between blood pressure and CBF during severe hypoglycemia, and to ex plore whether loss of vascular autoregulation oc curs globally or shows regional differences of a type that may help to explain the phenomenon of selec tive vulnerability. et aI., 1982; Siesjo et aI., 1982) .
MATERIALS AND METHODS

Materials
Male Wi star rats of an S.P.F. strain (Mpllegaard's Avls laboratorium, Copenhagen), weighing 275-375 g, were used. Pellet food (Astra-Ewos, S6derUUje) was with drawn in the afternoon of the day preceding that of the experiment (24 h starvation), but the animals were given tap water ad libitum. Insulin (Actrapid Novo®; Novo Industries, Copenhagen) was diluted in Krebs-Hensleit solution to yield a concentration of 40 IU ml-I.
[14C]Iodoantipyrine, dissolved in an ethanol solution (spe cific activity, 50 mCi mmol-1), was obtained from the Radiochemical Center (Amersham). Immediately before use, the ethanol was evaporated in a stream of gas, and the [14C]iodoantipyrine was dissolved in Krebs-Hensleit solution to yield an activity of 50 f.LCi ml-I.
Operative and sampling techniques
The techniques have been described in some detail in previous communications (Agardh et aI., 1978; Abdul Rahman et aI., 1980) . About 1 h before anaesthesia, the experimental animals were given an i.p. injection of 40 IU kg-1 insulin. Control animals were injected with an equal amount of Krebs-Hensleit solution. Anaesthesia was induced with � 3% halothane to allow tracheotomy. The animals were then immobilized with tubocurarine chloride and ventilated with a gas mixture of 1 % halo thane and 70% N20 in oxygen during the subsequent op erative procedures. The latter included cannulation of femoral arteries and veins for blood sampling, blood pres sure recording, control of blood pressure, and isotope infusion; cannulation of a brachial artery for repeated sampling of arterial blood with minimal "smearing"; and insertion of electrodes in the skull bone for continuous EEG recording. When the operative procedures had been completed, the halothane supply was discontinued, and the animals were maintained on 70% N20/30% O2 until EEG activity ceased. During this period, body tempera ture (as measured in the rectum) was maintained at �37°C, arterial P02 at � 100 mm Hg, and Peo2 at 35-40 mm Hg. The interval between the start of the operation and the onset of isoelectricity was 120 ± 28 min (mean ± SD). The control animals were maintained under an aesthesia for comparable periods.
Regulation of blood pressure
At the onset of EEG isoelectricity, the servoregulated infusion-withdrawal apparatus was set to maintain mean arterial blood pressure at 140, 120, 100, or 80 mm Hg for the remainder of the 30-min period of hypoglycemia. Control animals were treated similarly. Of the five ani mals studied, two were maintained at blood pressures of 150-160, two at 120-125, and one at 100 mm Hg.
Measurement of local CBF
At the end of the 30-min hypoglycemic (or control) period, local CBF (LCBF) was measured with an auto radiographic [J4C]iodoantipyrine technique (Landau et aI., 1955; Sakurada et aI., 1978) as described previously (Dahlgren et aI., 1981 b) . To achieve optimal resolution of CBF both at control flow rates and at the increased rates observed in the majority of the experimental animals, [14C]iodoantipyrine (25-30 f.LCi) was infused at a constant rate for 45 s (controls) or 30 s (hypoglycemic animals), and subclavian blood was sampled at intervals of 3 s. At the end of the infusion period, the animals were instan taneously decapitated and their brains were processed for quantitative autoradiography; 20-f.Lm sections and a set of calibrated 14C standards were applied to an X-ray film, the exposure time being 7 days. The 14C activities of 25 different brain structures were then evaluated with a manual densitometer with an aperture of 1 mm, and LCBF values were calculated from these values and from the integrated arterial activity.
In the labile circulatory state created by hypoglycemia, it was difficult to maintain a constant blood pressure during the infusion-sampling period. However, when careful attention was paid to the rate of infusion of the [14C]iodoantipyrine solution, it was possible to keep vari ations in blood pressure within ± 10 mm Hg of the pre determined value.
Calculations
Local CBF was calculated as described by Sakurada et al. (1978) , with the partition coefficient for iodoanti pyrine set at 0.80. In calculating statistical differences, we chose to consider each structure as a separate entity. An analysis of the relationship between blood pressure and LCBF showed that the two were not linearly related, nor was there a normal distribution within the groups. In comparing the two "normotensive" groups (140 and 110 mm Hg) with the controls, we therefore used the non parametric Wilcoxon rank sum test. Local CBF values at a pressure of 80 mm Hg were very variable and often very low. For that reason, we defined presence or ab sence of autoregulation from the LCBF values obtained at 140 and 110 mm Hg, using the Wilcoxon test.
RESULTS
Before we consider the main results of this study, it should be mentioned that, as expected (Her nandez et aI., 1978) , LCBF values in the control animals showed no relationship to blood pressure in the range of 100-160 mm Hg. We have previ ously reported that the CO2 responsiveness of the cerebral vasculature is maintained during hypogly cemia, as revealed by a rise in overall CBF during hypercapnia (Nilsson et aI., 1981) . To determine if the CO2 responsiveness is maintained during hy pocapnia as well, and to study regional vascular responses, half of the animals maintained at a blood pressure of 140 mm Hg (and some at lower pres sures as well) were hyperventilated to arterial Peoz levels of 25-28 mm Hg. However, as the results showed, this decrease in Peoz failed to alter LCBF.
Normocapnic and hypocapnic animals therefore were pooled.
Physiological variables and blood glucose con centrations are given in Ta ble 1. Body temperatures and arterial POz were similar in all groups. As ex-pected (see above), the mean Peoz values were somewhat lower in the hypoglycemic groups. In the servocontrolled hypoglycemic animals, especially those with low blood pressures, arterial pH was moderately reduced. Blood glucose concentrations were similar to those previously measured after 30 min of hypoglycemic coma (Agardh et aI., 1978; Abdul Rahman et aI., 1980) . Although individual values varied considerably, the mean values ob tained suggest that hypotensive animals had an even more pronounced reduction in blood glucose con centration. It could be shown, though, that CBF did not correlate with blood glucose concentration in any of the groups, and it is thus highly unlikely that differences in CBF between these groups were due to differences in plasma glucose concentration.
To facilitate an analysis of the extensive results on LCBF in control and hypoglycemic animals, the data have been displayed in figures under two sep arate headings. In the first two graphs, (Figs. 1 and 2), CBF values have been given as percentage of control. Information on absolute values is given in the last three graphs (Figs. 3-5 ).1 Local CBF at "normal" blood pressures Unrestrained or minimally restrained rats that have been allowed to recover from anaesthesia have mean arterial blood pressure levels of � 110 mm Hg (Dahlgren et aI., 1981a) . This does not seem to change when the animals are restrained (Ghajar et aI., 1981) . However, if ventilation with 70% N 20 is maintained, the blood pressure increases to 140-150 mm Hg. Thus, depending on whether the ex periments are performed on unaesthetized or an aesthetized animals, one can define "normal"
pressures of approximately 110 and 140 mm Hg, respectively; the latter value represents an artifi cially increased pressure (but it is nonetheless a normal pressure in the sense that it is spontaneously attained under the conditions given). I Tabulated data on LCBF values can be requested by letter to Dr. Siesjo at the address given above. Pressures are given in mm Hg, temperature in degrees centigrade, and glucose concentration in fLmol ml-t. Values are means ± SE. MABP, mean arterial blood pressure.
Since the present experiments were performed on a larger series of animals, and with twice as many structures analysed as in our previous study (Abdul-Rahman et al., 1980) , the percentage changes in LCBF from the normal, induced by the hypoglycemia, have been illustrated in Fig. 1. Also given in the figure are the corresponding CBF values from Abdul-Rahman et al. (1980) , obtained at a mean blood pressure of 148 mm Hg. The agree ment between the two studies was good, except in two structures (frontal and parietal cortex) which had lower flow rates in the present study. The re sults demonstrate that, at a blood pressure of 140 mm Hg, hypoglycemia was accompanied by a sig nificant increase in CBF in all but three structures (frontal, auditory, and cingulate cortex). In most of the other 22 structures, CBF increased during hy poglycemia to 150-250% of control, but, in four of them, the mean CBF values exceeded 250% of con trol (e.g., globus pallidus and cerebellum). Figure 2 illustrates the corresponding results ob tained at a mean arterial pressure of 110 mm Hg (the data from the 120 and 100 mm Hg groups were pooled). Clearly, the lowering of blood pressure to that level had pronounced effects on the CBF changes during hypoglycemia. A number of struc tures had flow rates that did not differ from control, and some even had reduced CBF values (e.g., cin gulate, auditory, and parietal cortex). Nonetheless, 
Vascular autoregulation
It is evident from Figs. 1 and 2 .... '" II:
mm Hg values below the normal range; the re mainder had moderate to marked hyperemia at 140 mm Hg and somewhat better-preserved flow rates at llO mm (see also CBP values at 80 mm Hg in sensorimotor cortex, medial geniculate body, thal amus, and hippocampus).
By similar criteria, we could define a group of structures with an apparent preservation of auto regulation, at least in the 140-1lO mm Hg blood pressure range (Pig. 4). This group comprised sub cortical grey matter structures plus the cerebellum.
In some of these, at least four of six values at 80 mm Hg were within or above the range of normal values (note, especially, nucleus ruber, inferior col liculus, and mamillary body).
In the remaining five structures (Pig. 5), preser vation and loss of autoregulation were intermediate in the sense that they could not be classified in ei ther of the two groups above. It would seem, though, that the habenula and the lateral geniculate body behaved like structures with loss of autoreg ulation, and that caudoputamen and globus pal lidus had at least partial preservation of autoregu lation capacity.
DISCUSSION
The present results make it necessary to revise current views on the influence of hypoglycemia on CBF. We will discuss the results under two main headings. CBP at normal blood pressure levels As remarked, observations in humans and sev eral experimental findings indicate that severe hy poglycemia (with stupor and coma or their EEG equivalents in paralysed animals) does not appre ciably alter CBP from the normal, whereas similar degrees of hypoglycemia induced in rats ventilated on 70% N20 lead to a marked increase in CBF. An explanation for these discordant results is offered by the finding that vascular autoregulation is lost during hypoglycemia (Nilsson et aI., 1981) . Thus, since paralysed animals ventilated on 70% N20 have increased blood pressure levels, it is to be ex pected that increases in CBP should occur. The present results offer strong support for this conclu sion since, in many structures, a lowering of blood pressure to the normal range (for unanaesthetized animals) considerably reduced flow rates. Por ex ample, if one estimates a gross mean of the CBP values obtained for the cerebral cortices at a mean pressure of 110 mm Hg, the value cannot be much different from that of controls. In other words, at this pressure the present results are in line with those of others who have reported that CBP is not changed during hypoglycemia.
The present results clearly demonstrate, though, that any statement regarding CBP changes during hypoglycemia has little meaning. Por example, at a normal blood pressure of llO mm Hg, CBP values varied between 35% (cingulate cortex) and 300% (cerebellum) of control, and, even when only ce- (; 2 fully assessed with methods that give regional or local flow rates.
Vascular autoregulation
Usually, autoregulation is taken to mean that duction in pressure may alter metabolism and fluid exchanges so that a marked increase in vascular resistance occurs. It is only possible, therefore, to state that autoregulation is preserved, that it is grossly disturbed, or that any loss or preservation of autoregulation is "partial."
The present results have demonstrated that during severe hypoglycemia vascular autoregula tion shows extreme variations between different structures. These variations can be exemplified by cingulate cortex that had CBF values of 110%, 35%, and 10% of control at blood pressures of 140, 110, and 80 mm Hg, and by many of the structures de picted in Fig. 4 , which showed CBF values with little or no dependence on blood pressure. It should be emphasized, though, that even in the latter group a reduction of blood pressure to 80 mm Hg clearly reduced CBF in many animals. Thus, if we assume that normal autoregulation in the rat has a lower limit close to 60 mm Hg (Hernandez et aI., 1978) , hypoglycemia undoubtedly reduces the autoregu latory capacity.
The results illustrated in Figs. 3 and 5 give the impression that, in the blood pressure range of 80-140 mm Hg, CBF in many structures shows a roughly linear relationship to blood pressure. In one sense, the graphs are misleading. Since CBF did not differ between the 120 and 100 mm Hg groups, the true relationship cannot have been linear. It is well known that the normal autoregulatory curve shows both a lower and a higher limit, the latter signifying "breakthrough" of autoregulation with increased perfusion pressures (for discussion and further lit erature, see Edvinsson and MacKenzie, 1977) . It is tempting to conclude, therefore, that loss of auto regulation during hypoglycemia merely represents a pronounced "narrowing" of the autoregulatory range, with both the lower and upper limits shifted toward the normal pressure of � 110 mm Hg.
Pathophysiological implications
As discussed in the introductory section, a mod erate reduction in blood pressure during severe hy poglycemia leads to further energy failure and to further cellular release of K +. The results demon strating these events were obtained on parietal cortex, a structure showing pronounced loss of au toregulatory ability. It seems likely that the marked reduction in CBF is what further compromises cel lular energy production. If this is so, the present results suggest that the adverse effects of a decrease in blood pressure must vary between regions, the most pronounced effect being exerted on the struc tures shown in Fig. 3 and the least pronounced on J Cereb B/oud Flow Me/abo/, Vol, 3, No, 4, 1983 those in Fig. 4 . Clearly, though, this conclusion must remain tentative until further information is obtained.
In the introduction we raised the question of whether hypoglycemic cell damage in clinical ma terial, if incurred, has a circulatory component. If such damage is localized to the cerebral cortex and the thalamus, the present results support the pos sibility. However, the fact that autoregulation was better preserved in the caudoputamen and the hip pocampus, and, particularly, in the cerebellum, seems contradictory. Obviously, the issue can be resolved only by careful analysis of regional struc tural changes following hypoglycemia of similar du ration and severity, induced under similar experi mental conditions.
